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It was previously shown that a crude extract of Agapanthus africanus L. (Hoffman), applied as a foliar 
spray to wheat (Triticum aestivum L.) seedlings, significantly increased the in vitro activities of three 
pathogenesis related (PR) proteins (β-1,3-glucanase, chitinase and peroxidase). This was the case in 
both susceptible and resistant wheat lines whether the plants were uninfected or infected with leaf rust 
(Puccinia triticina). The aim of this study was to determine the influence of the A. africanus extract on 
both the intercellular PR-protein profile and PR gene expression in leaf rust infected wheat lines. Pre-
treatment of infected resistant and susceptible wheat with the extract led to increased β-1,3-glucanase 
levels that were higher as compared to the untreated controls. Similarly, treatment with the extract led 
to greater expression of both the PR3 and PR9 genes in infected resistant and susceptible seedlings as 
compared to the controls. This is also applied to a retrotransposon protein encoding gene whose 
expression was strongly induced following extract treatment. The induced expression of all these 
defence-related genes suggests that the crude A. africanus extract has the ability to prime the 
resistance response of wheat prior to leaf rust infection.  
 






The genetic and biochemical interaction between a plant 
and a pathogen is very complex with resistance being 
mediated on two levels (Jones and Dangl, 2006). For the 
first, both exogenous and endogenous elicitors in the 
form of pathogen-associated molecular patterns (PAMPs) 
and damage-associated molecular patterns (DAMPs) res-
pectively, activate PAMP triggered immunity (PTI) in the 
plant. This response is mediated through different PAMP 
recognition receptors (PRRs) that initiate one of the most 
important and effective plant defence mechanisms 
against various pathogens, namely the activation of 
defence-related (PR) genes that encode defence proteins 
known as pathogenesis-related (PR) proteins (Jung et al., 
1993). In turn, these enzymes regulate the synthesis of 
chemical products involved in the defence mechanism 
(Gang et al., 1999; Garcìa-Garrido and Ocampo, 2002, 
Ferreira et al., 2007), allowing the plants to survive the 
infection. 
Successful pathogens overcome this basal defence by 
secreting effector proteins into the plant cell where it 
suppresses the defence response (Jones and Dangl, 
2006). In time, plants have gained the ability to recognize
 






these effectors through disease resistance (R) proteins, 
thereby exhibiting effector triggered immunity (ETI). This 
genetic interaction was first described by Flor (1971) who 
concluded that if both the R and avr genes are present, 
the interaction is incompatible and the plant will survive. 
Effector triggered immunity is especially effective against 
biotrophic pathogens (Lukasik and Takken, 2009). 
A key component of ETI is the hypersensitive response 
(HR) in the form of localised cell death (Mur et al., 2008). 
Systemic acquired resistance (SAR), on the other hand, 
is expressed in distal parts of the plant away from the 
primary infection site, where it contributes to long-lasting 
and broad-spectrum resistance to pathogens that would 
otherwise cause disease (Ryals et al., 1994; Sticher et 
al., 1997; Somssich, 2003; Durrant and Dong, 2004). 
Systemic acquired resistance and the signal networks in 
the HR are summarized by Gozzo (2003).  
An important feature of SAR is the expression of the 
PR genes (Kessman et al., 1994; Datta and 
Muthukrishnan, 1999). These encoded PR-proteins accu-
mulate in the apoplast and the vacuole and include β-1,3-
glucanase, chitinase and peroxidase (Van Loon, 1976; 
Van Loon and Van Strien, 1999). Some of these PR 
proteins show in vitro antimicrobial activity (Niderman et 
al., 1995; Morrissey and Osbourn, 1999). β­1,3-Gluca-
nase and chitinase degrade the cell walls of fungi and 
prevent infection of plant cells in this manner. These PR-
proteins accumulate in large amounts at the primary 
infection site, but also in tissues showing SAR (Stintzi et 
al., 1993). The role of PR-proteins is essential as it has 
been shown in mutant studies where the mutant plants 
had little or no resistance (Neuhaus et al., 1992). 
The growing concern about negative environmental 
effects of fungicides and the appearance of fungicide-
resistant pathogen strains is a motivating factor to 
develop alternative protection methods to protect crops. It 
is known that different treatments can boost the basal 
defence response, allowing for a stronger and faster 
activation of the defence during any subsequent patho-
gen attack (Conrath et al., 2006; Frost et al., 2008). This 
defence augmentation is known as priming and includes 
SAR (Jung et al., 2009) that is associated with salicylic 
acid (SA) accumulation (Loake and Grant, 2007) and 
induced systemic resistance (ISR). Induced systemic 
resistance is mediated by the biotic agents such as plant 
growth-promoting rhizobacteria (Van Wees et al., 2008). 
Induced systemic resistance (ISR), can be distinguished 
from SAR because it mainly functions independently of 
SA but involves jasmonic acid and ethylene as signaling 
molecules (Pieterse et al., 2001; Kessler et al., 2006; Ton 
et al., 2007).  
The concept of induced resistance has been expanded 
to include induction by a wide range of biotic and abiotic 
agents, including several synthetic and natural plant 
activators (Garcia-Brugger et al., 2006; Herman et al., 
2008). When applied to plants, SA can prime the basal 
defence  response  of  plants  (Mur et al., 2009).  On  the  




other hand, the synthetic plant activator BTH 
(acibenzolar-S-methyl) also increases resistance in 
wheat against powdery mildew (Blumeria graminis), leaf 
rust (Puccinia triticina) and leaf spot (Septoria spp.) 
(Görlach et al., 1996). While not effective against all 
pathogens, the BTH induced defence response was 
stronger than that triggered by SA or jasmonic acid (JA) 
(Pasquer et al., 2005). When these products are applied 
before infection, immunity can be obtained against a 
broad range of attackers (Ahmad et al., 2010). These 
induced defence responses are often a combination of 
priming and direct defence activation (van Hulten et al., 
2006). 
   The identification of new plant activators is thus of great 
importance for the agricultural sector. During a previous 
study (Cawood et al., 2010), foliar application of a crude 
Agapanthus africanus extract to wheat led to increased 
PR protein activity and a reduction in disease severity 
during subsequent P. triticina infection. The aim of the 
current study was to determine whether the induced 
defence response was due to either a priming effect or 
direct defence response activation. 
 
 
MATERIALS AND METHODS 
 
Seeds of two near-isogenic wheat (Triticum aestivum L.) lines, 
either resistant (RL6052 = Thatcher / Lr15, accession I-15, BV2005) 
or susceptible (Thatcher, accession I-49, BV2005) to P. triticina, 
were obtained from the germplasm collection of the Department of 
Plant Sciences, University of the Free State. Fresh above soil tissue 
of A. africanus was collected in Bloemfontein (29°07’ S; 26°11’ N), 
South Africa, during the flowering season in November 2009 and 
dried at 30°C. 
 
 
Crude extract preparation as well as cultivation, treatment and 
infection of wheat seedlings 
 
The preparation of the A. africanus crude extract, cultivation of 
wheat seedlings and their subsequent infection with P. triticinia 
were performed as described by Cawood et al. (2010). The A. 
africanus extract was suspended in 30 ml distilled water (1 g L
-1
) 
and applied as a foliar spray to 17-day-old (3-leaf stage) wheat 




Extraction of apoplastic fluid from wheat leaves  
 
To obtain a representative sample for each time interval, whole 
seedlings were randomly harvested from different pots at 0, 24, 48, 
72, 96 and 144 h post infection (hpi) and used to collect apoplastic 
or intercellular wash fluid (IWF) (Cawood et al., 2010). The IWF 
protein concentration was determined according to Bradford (1976) 
using Bio-Rad protein assay (Bio-Rad Laboratories, Richmond, CA, 






A total of 30 µg IWF protein was resolved on 12% (w/v) sodium 
 




Table 1. Nucleotide sequences of primers used in this study. 
 
Gene name Nucleotide sequence Annealing temperature (°C) 
18S F 5’- CAACTTTCGATGGTAGGATAG - 3’ 50 
18S R 5’- CTCGTTAAGGGATTTAGATTG - 3’ 50 
β-1,3-glucanase (PR2) F 5’- TCCACGGCGGTCAAGATGA - 3’ 61 
β-1,3-glucanase (PR2) R 5’- GGTTCTCGTTGAACATGGC - 3’ 61 
Chitinase (PR3) F 5’- AAGACGGCGTTGTGGTTCTG - 3’ 61 
Chitinase (PR3) R 5’- GTAGCGCTTGTAGAACCCGAT - 3’ 61 
Peroxidase (PR9) F 5’- ATCAGACCGTCTCCTGCG - 3’ 55.4 




dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
gels according to Laemmli (1970). Two identical gels were 
prepared; one was stained with Coomassie Blue (Zehr et al., 1989) 
while the other was used for immunoblotting. The separated 
polypeptides were electroblotted to nitrocellulose membranes 
(Hybond-C, extra membrane, Amersham Biosciences) using a 
transfer buffer containing 25 mM Tris-HCl pH 8.3, 192 mM glycine 
and 20% (v/v) methanol. The membranes were quenched with 8% 
(w/v) fat-free milk powder in Tris-buffered saline (TBS; 10 mM Tris-
HCl pH 8.3, 1.5 M NaCl) for 1 h at room temperature. Subse-
quently, the membranes were probed for 2 h with a 1:9000 dilution 
of rabbit anti-wheat -1,3-glucanase primary antibody in TBS con-
taining 4% (w/v) fat-free milk powder. Following extensive washing 
with TBST [TBS + 0.1% (v/v) Tween-20], the membranes were 
incubated for 1 h at room temperature in a 1:9500 dilution of the 
goat-anti-rabbit secondary antibody (IgG) in TBS. After sequential 
washing with TBST containing 0.05% (w/v) SDS, TBST and TBS, 
the antigenic proteins were visualized using 5-bromo-4-chloro-3-
indolyl phosphate (BCIP) and nitro blue tetrazolium (NBT) as a 
colour enhancer (Blake et al., 1984).  
 
 
Total RNA extraction  
 
Total RNA was extracted from approximately 0.1 g ground leaf 
tissue harvested at 0, 24, 48, 72, 96 and 144 hpi using TRIzol 
Reagent (Invitrogen) according to the manufacturer’s specifications. 
The RNA was finally dissolved in 100 µl 0.1% (v/v) DMPC treated 
water. Residual DNA was eliminated by DNase1 treatment 
according to the manufacturer’s specifications (Fermentas). The 
quality and quantity of the extracted RNA was confirmed 
spectrophotometrically as described by Sambrook et al. (1989). 
 
 
Expression analysis of PR genes  
 
The RobusT II RT-PCR kit (Finnzymes) was used to determine the 
expression pattern of selected PR genes using gene specific 
primers (Table 1). Each 10 µl reaction contained 10 ng total RNA, 
25 pmol of each primer, 0.2 mM dNTP’s, 1.5 mM MgCl2, 1 x final 
concentration of the supplied buffer and 0.4 µl of the RobusT II 
enzyme mix. The amplification regime was as follows: one cycle at 
48°C for 30 min and 94°C for 2 min, 30 cycles at 94°C for 30 s, 
specific annealing temperature (Table 1) for 30 s and 72°C for 2 
min followed by one cycle at 72°C for 5 min. The 18S rRNA gene 
was used as reference. The amplified products were finally 
separated on a 1% (w/v) agarose gel (Sambrook et al., 1989). 
 
 
Sequencing of amplified PR gene fragments 
 
All amplified DNA fragments were sequenced to confirm their identity 
Amplified cDNA fragments were cut from the agarose gel, purified 
using the Favorprep Gel/PCR Purification Kit (Favorgen Biotech) 
and re-amplified with the KAPA Taq DNA Polymerase Kit (KAPA 
Biosystems). The DNA fragments were sequenced using the Big 
Dye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) 
according to the manufacturer’s instructions. Sequenced fragments 
were ethanol-precipitated and separated on an ABI377 Sequencer 
(PE Biosystems). The resulting sequences were used to do a 
BLAST analysis (v 2.2.13) Altschul et al., 1990) with entries 





Polypeptide accumulation in IWF 
 
Infection of the resistant Thatcher/Lr15 line with P. 
triticina led to the accumulation of a 31 kDa polypeptide 
in the IWF starting at 24 hpi (Figure 1B). No such 
accumulation was seen in the infected susceptible control 
plants (Figure 1A). Pre-treatment of wheat seedlings with 
the A. africanus extract 48 h prior to infection resulted not 
only in the stronger accumulation of the 31 kD polypep-
tide in the resistant line (Figure 1D), but also in the 
susceptible line starting at 48 hpi (Figure 1C).  
Immunoblotting of the IWF from infected susceptible 
and resistant wheat previously treated with the A. 
africanus extract revealed that the -1,3-glucanase anti-
bodies cross-reacted with a polypeptide of ca. 31 kDa 
(Figure 2). In both cases, an increase in polypeptide 
levels from 24 hpi onwards was seen. This corresponds 
with the induced 31 kD protein that was seen on the 
SDS-PAGE gels. It is thus clear that treatment with the A. 
africanus extract stimulated the production of the -1,3-
glucanase protein in wheat.  
 
 
Expression of PR-genes 
 
The expression patterns of different PR genes following 
extract treatment and pathogen infection are presented in 
Figures 3 and 4. The constitutive expression of the 18S 
rRNA reference gene in all samples confirmed that equal 
quantities of RNA were used for all RT-PCR reactions. 
Constitutive expression of the PR2 gene occurred in both  
 








Figure 1. Polypeptide profiles of IWF from leaves of inoculated (A) susceptible Thatcher, (B) resistant 
Thatcher/Lr15, (C) susceptible Thatcher treated with A. africanus extract 48 h prior to infection and (D) resistant 
Thatcher/Lr15 treated with A. africanus extract 48 h prior to infection. IWF was collected from leaves sampled at 
different time intervals after infection with P. triticinia. Each lane contained 30 µg protein. M, Molecular mass 






Figure 2. Western blot analysis of β-1,3-glucanase protein of 
IWF from leaves of inoculated (A) susceptible Thatcher 
treated with A. africanus extract 48 h prior to infection and 
(B) resistant Thatcher / Lr15 treated with A. africanus extract 
48 h prior to infection. IWF was collected from leaves 
sampled at different time intervals after infection with P. 





infected susceptible and resistant control and A. 
africanus treated plants (Figures 3 and 4). The PR2 gene 
appeared to be strongly expressed in the infected 
susceptible plants treated with A. africanus extract as 
compared to the control plants (Figure 4) with no real 
visible differences between the treated and control 
resistant plants inoculated with the pathogen (Figure 3). 
Expression of the PR3 (chitinase) and PR9 (pero-
xidase) genes was induced at 24 hpi in both the resistant 
and susceptible control plants after infection with P. 
triticina (Figures 3 and 4). Treatment with the A. africanus 
extract caused visibly stronger expression of PR3 and 
PR9 gene expression in the infected resistant plants, as 
well as PR9 but not PR3 gene expression in the infected 
susceptible plants. A strong secondary increase in gene 
expression for PR3 was also evident in the extract 
treated infected resistant plants at 144 hpi as compared 
to the control. Treatment with the A. africanus extract 
therefore does influence the differential expression of the 
PR genes. 
During the analysis of PR9 expression, a second cDNA 
fragment approximately 350 bp in size was repeatedly 
co-amplified with the 750 bp PR9 fragment. When 
sequenced, this 350 bp fragment showed 97% identity to 
Oryza sativa clone Oss-289-384-H3 retrotransposon 
protein mRNA (GenBank accession no. EF576506.1; 1e
-
96
). Expression of this gene was strongly induced in the 
infected susceptible wheat over a period of 144 h, but 
 






Figure 3. Expression analysis of selected PR genes in P. triticina infected resistant Thatcher/Lr15 treated 
with (A) water and (B) A. africanus extract 48 h prior to infection. Time intervals and sizes of the amplified 






Figure 4. Expression analysis of selected PR genes in P. triticina infected susceptible Thatcher treated 
with (A) water and (B) A. africanus extract 48 h prior to infection. Time intervals and sizes of the amplified 




only to a lesser extent in the infected resistant plants 
since the basal expression level appeared to be higher in 
the resistant line (Figure 5). In both A. africanus extract 
treated lines, the expression levels at 0 h was much 
higher as compared to the controls, indicating that foliar 
application of the A. africanus extract 48 h prior to 
infection induced the expression of this gene in both 






Plants naturally express variable levels of resistance 
against different groups of pathogens. This kind of 
primary defence response is known as basal resistance 
 




   
Figure 5. Expression analysis of a wheat retrotransposon protein (RTP) encoding gene orthologue in P. 
triticina infected wheat treated 48 h prior to infection with (A) water and (B) A. africanus extract. IS indicates 




that is controlled by several genes. It is obtained by 
cooperation of multiple molecular and cellular defence 
responses and involvement of various signaling pathways 
(Jones and Dangl, 2006; Hamiduzzaman et al., 2005). It 
is considered too weak to be fully exploited in the agricul-
tural sector when compared to race-specific resistance 
provided by a disease resistance gene, since it cannot 
completely stop colonization by pathogens.  
The mechanism of action of a crude A. africanus 
extract to induce a defence response in wheat was 
investigated during this study. Analysis of the apoplastic 
fluid, using SDS-PAGE, indicated the accumulation of a 
31 kD polypeptide in the IR plants that was produced at a 
much higher level in the IR plants previously treated with 
the extract (Figure 1). Western blot analysis (Figure 2) 
confirmed the identity of this fragment as being β-1,3 
glucanase (Stintzi et al., 1993; Münch-Garthoff et al., 
1997). Priming of the defence response by the extract 
was clearly evident in the IS plants where no β-1,3 
glucanase was present in the non-treated control plants, 
but it accumulated to high levels in the IS plants 
previously treated with the extract. This confirmed that 
the previously observed increase of in vitro β-1,3 
glucanase activity was the result of de novo protein 
synthesis and not merely the activation of existing 
enzymes (Cawood et al., 2010). 
Since the apoplast is recognized as the site where 
many defence related compounds accumulate (Fink et 
al., 1988; Van der Westhuizen and Pretorius, 1996; Van 
der Westhuizen et al., 1998), it was postulated that the 
accumulation of these proteins in the IWF of plants 
treated with the A. africanus extract may be associated 
with a compound or compounds in the extract that act as 
elicitors of the defence response in wheat. In order to 
verify this postulate, the expression patterns of selected 
PR genes in infected wheat treated with the extract was 
determined.  
Prior treatment of susceptible and resistant wheat with 
the A. africanus extract followed by P. triticina infection, 
led to the stronger expression of PR2, PR3 and PR9 
genes as compared to the controls (Figures 3 and 4). 
Combined with the protein work, it is clear that treatment 
with the extract primed the defence response of the 
wheat, indicated by the stronger defence response which 
was only evident following P. triticina infection.  
Since McClintock (1950) first predicted the existence of 
‘jumping genes’ in the maize genome, transposable 
elements have been identified in almost all plant species 
that have been investigated (Okamoto and Hirochika, 
2001). Transposons are classified into two classes based 
on their mechanism of transposition namely Class I: 
Retrotransposons and Class II: DNA transposons 
(Casacuberta and Santiago, 2003). Retrotransposons 
can move around in the genome by means of a “copy 
and paste” mechanism where RNA copies are reverse 
transcribed to DNA before being inserted back into the 
genome. In the process they may cause mutations or 
increase/decrease the amount of DNA in the genome.  
It has been shown that stress conditions can induce the 
expression and subsequent transposition of retrotrans-
posons through salicylic acid and 2,4-D as part of the 
defence response (Beguiristain et al., 2001). This is most 
likely due to the possible exchange of promoter regions 
between plant defence genes and the retrotransposons 
(Takeda et al., 1999). In the current study, it was shown 
that  P. triticina infection also induced the  expression  of 
 




the fortuitously identified retrotransposon protein encod-
ing gene (Figure 5). However, treatment with the A. 
africanus extract did not prime the expression of the 
gene, but rather directly induced the expression thereof.  
In accordance with Benhamou (1996), the current study 
suggests that the A. africanus extract contains active 
compounds that act as elicitors in an induced systemic 
defence response towards P. triticina in wheat. Extract 
treatment targeted the wheat defence response on three 
levels, namely increased defence protein activity 
(Cawood et al., 2010) as well as primed and directly in-
duced gene expression, potentially making this extract a 
very valuable tool in the agricultural sector. The active 
compound(s) from A. africanus is currently being isolated 
and purified by means of NMR-spectroscopy with the aim 





The authors wish to thank Dr Lintle Mohase (Department 
of Plant Sciences, University of the Free State) for 
supplying the primary antibody (anti-wheat -1,3-gluca-
nase) used in Western blots. Funding for this project was 






Ahmad S, Gordon-Weeks R, Pickett J, Ton J (2010). Natural variation in 
priming of basal resistance: from evolutionary origin to agricultural 
exploitation. Mol. Plant Pathol. 11:817-827. 
Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990). Basic 
local alignment search tool. J. Mol. Biol. 215:403-410. 
Beguiristain T, Grandbastien MA, Puigdomenech P, Casacuberta JM 
(2001). Three Tnt1 subfamilies show different stress-associated 
patterns of expression in tobacco. Consequences for retrotransposon 
control and evolution in plants. Plant Physiol. 127:212-221. 
Benhamou N (1996). Elicitor-induced plant defence pathways. Trends 
Plant Sci. 1(7):233-240. 
Blake MS, Johnston KH, Russel-Jones GJ, Gotschlich EC (1984). A 
rapid, sensitive method for detection of alkaline phosphatase-
conjugated anti-antibody on Western blots. Anal. Biochem. 136:175-
179. 
Bradford MM (1976). A rapid and sensitive method for the quantitation 
of microgram quantities of protein utilizing the principle of protein-dye 
binding. Anal. Biochem. 72:248-254. 
Cawood ME, Pretorius JC, van der Westhuizen AJ, Pretorius ZA (2010). 
Disease development and PR-protein activity in wheat (Triticum 
aestivum) seedlings treated with plant extracts prior to leaf rust 
(Puccinia triticinia) infection. Crop Prot. 29:1311-1319.  
Casacuberta JM, Santiago N (2003). Plant LTR-retrotransposons and 
MITEs: control of transposition and impact on the evolution of plant 
genes and genomes. Gene 311:1-11. 
Conrath U, Beckers GJM, Flors V, Garcia-Agustin P, Jakab G, Mauch 
F, Newman M-A, Pieterse CMJ, Poinssot B, Pozo MJ, Pugin A, 
Schaffrath U, Ton J, Wendehenne D, Zimmerli L, Mauch-Mani B 
(2006). Priming: getting ready for battle. Mol. Plant Microbe Interact. 
19:1062-1071. 
Datta SK, Muthukrishnan S (1999). Pathogenesis-related proteins in 
plants. CRC Press LLC, Florida, USA. 
Durrant W, Dong X (2004). Systemic acquired resistance. Annu. Rev. 
Phytopathol. 42: 185-209. 





Duarte J, Borges A, Teixeira AR (2007). The role of plant defence 
proteins in fungal pathogenesis. Mol. Plant Pathol. 8(5): 677-700. 
Fink W, Liefland M, Mendgen K (1988). Chitinases and β-1,3-
glucanases in the apoplastic compartment of oat leaves (Avena 
sativa L.). Plant Physiol. 88:270-275. 
Flor HH (1971). Current status of gene-for-gene concept. Annu. Rev. 
Phytopathol. 9:275-296. 
Frost CJ, Mescher MC, Carlson JE, De Moraes CM (2008). Plant 
defense priming against herbivores: getting ready for a different 
battle. Plant Physiol. 146:818-824. 
Gang DR, Kasahara H, Xia ZQ, Vander Mijnsbrugge K, Bauw G, 
Boerjan W, Van Montagu M, Davin LB, Lewis NG (1999). Evolution of 
plant defence mechanisms. Relationships of phenylcoumaran 
benzylic ether reductases to pinoresinol-lariciresinol and isoflavone 
reductases. J. Biol. Chem. 274 (11):7516-7527. 
Garcia-Brugger AG, Lamotte O, Vandelle E, Bourque S, Lecourieux D, 
Poinssot B, Wendehenne D, Pugin A (2006). Early signaling events 
induced by elicitors of plant defenses. Mol. Plant Microbe Interact. 
19(7):711-724. 
Garcìa-Garrido JM, Ocampo JA (2002). Regulation of plant defence 
response in arbuscular mycorrhizal symbiosis. J. Exp. Bot. 53: 1377-
1386. 
Görlach J, Volrath S, Knauf-Beiter G, Hengy G, Beckhove U, Kogel K, 
Oostendorp M, Staub T, Ward E, Kessmann H, Ryals H (1996). 
Benzothiadiazole, a novel class of inducers of systemic acquired 
resistance, activates gene expression and disease resistance in 
wheat. Plant Cell 8:629-643. 
Gozzo F (2003). Systemic acquired resistance in crop protection: From 
nature to a chemical approach. J. Agric. Food Chem. 51:4487-4503. 
Hamiduzzaman MM, Jakab G, Barnavon L, Neuhaus JM, Mauch-Mani 
B (2005). Betaaminobutyric acid-induced resistance against downy 
mildew in grapevine acts through the potentiation of callose formation 
and jasmonic acid signaling. Mol. Plant Microbe Interact. 18:819-29. 
Herman MA, Davidson JK, Smart CD (2008). Induction of plant defense 
gene expression by plant activators and Pseudomonas syringae pv. 
tomato in greenhouse-grown tomatoes. Phytopathology 98(11): 
1226-32. 
Jones JDG, Dangl JL (2006). The plant immune system. Nature 44: 
323-329. 
Jung HW, Tschaplinski TJ, Wang L, Glazebrook J, Greenberg JT 
(2009). Priming in systemic plant immunity. Science 324: 89-91. 
Jung J-L, Fritig B, Hahne G (1993). Sunflower (Helianthus annuus L.) 
pathogenesis-related proteins. Plant Physiol. 101:873-880. 
Kessler A, Halitschke R, Diezel C, Baldwin IT (2006). Priming of plant 
defense responses in nature by airborne signaling between Artemisia 
tridentata and Nicotiana attenuata. Oecologia 148:280-292. 
Kessman H, Staub T, Hofmann C, Maetske T, Herzog J, Ward E, Uknes 
S, Ryals J (1994). Induction of systemic acquired disease resistance 
in plants by chemicals. Annu. Rev. Phytopathol. 32:439-459. 
Laemmli UK (1970). Cleavage of structural proteins during the 
assembly of the head bacteriophage T4. Nature 227:680-685. 
Loake G, Grant M (2007). Salicylic acid in plant defence-the players and 
protagonists. Curr. Opin. Plant Biol. 10:466-72. 
Lukasik E, Takken FL (2009). STANDing strong, resistance proteins 
instigators of plant defence. Curr. Opin. Plant Biol.12:427-36. 
McClintock B (1950). The origin and behaviour of mutable loci in maize. 
P. Nat. Acad. Sci., USA. 36(6):344-355. 
Morrissey JP, Osbourn AE (1999). Fungal resistance to plant antibiotics 
as a mechanism of pathogenesis. Microbiol. Mol. Biol. Rev. 63:708-
724. 
Münch-Garthoff S, Neuhaus J-M, Boller T, Kemmerling B, Kogel K-H 
(1997). Expression of β-1,3-glucanase and chitinase in healthy, stem-
rust-affected and elicitor-treated near-isogenic wheat lines showing 
Sr5- or Sr 24-specified race-specific rust resistance. Planta 201:235-
244. 
Mur LAJ, Kenton P, Lloyd AJ, Ougham H, Prats E (2008). The 
hypersensitive response; the centenary is upon us but how much do 
we know? J. Exp. Bot. 59: 501-520. 
Mur LAJ, Lloyd AJ, Cristescu SM, Harren FJM, Hall MA, Smith AR 
(2009). Biphasic ethylene production during the hypersensitive 
response in Arabidopsis. A window into defense priming 






Neuhaus J-M, Flores S, Keefe D, Ahl-Goy P, Meins F Jr (1992). The 
function of vacuolar β-1,3-glucanase investigated by antisense 
transformation: susceptibility of transgenic Nicotiana sylvestris plants 
to Cercospora nicotianae infection. Plant Mol. Biol. 19:803-813. 
Niderman T, Genetet I, Bruyere T, Gees R, Stintzi A, Legrand M, Fritig 
B, Mosinger E (1995). Pathogenesis-related PR-1 proteins are 
antifungal. Isolation and characterization of three 14-kilodalton 
proteins of tomato and of a basic PR-1 of tobacco with inhibitory 
activity against Phytophthora infestans. Plant Physiol. 108:17-27. 
Okamoto H, Hirochika H (2001). Silencing of transposable elements in 
plants. Trends Plant Sci. 6:527-534. 
Pasquer F, Isidore E, Zarn J, Keller B (2005). Specific patterns of 
change in wheat gene expression after treatment with three 
antifungal compounds. Plant Mol. Biol. 57:693-707. 
Pieterse CMJ, Van Pelt JA, Van Wees SCM, Ton J, Leon-Kloosterziel 
KM, Keurentjes JJB, Knoester M, Bakker PAHM (2001). 
Rhizobacteria mediated induced systemic resistance: triggering, 
signaling and expression. Eur. J. Plant Pathol. 107: 51-61. 
Ryals J, Uknes S, Ward E (1994). Systemic acquired resistance. Plant 
Physiol. 104: 1109-1112. 
Sambrook J, Fritsch EF, Maniatis T (1989). Molecular Cloning: A 
Laboratory Manual. 2
nd
 ed. Cold Spring Harbor Laboratory Press, 
Cold Spring Harbor, New York. 
Somssich IE (2003). Closing another gap in the plant SAR puzzle. Cell 
113: 815-816. 
Sticher L, Mauch-Mani B, Metraux JP (1997). Systemic acquired 
resistance. An. Rev. Phytopathol. 35: 235-270. 
Stintzi A, Heitz T, Prasad V, Weidemann-Merdinoglu S, Kaufmann S, 
Geoffroy P, Legrand M, Fritig B (1993). Plant ‘pathogenesis-related’ 












































Takeda S, Sugimoto K, Otsuki H, Hirochika H (1999). A 13-bp 
cisregulatory element in the LTR promoter of the tobacco 
retrotransposon Tto1 is involved in responsiveness to tissue culture, 
wounding, methyl jasmonate and fungal elicitors. Plant J. 18:383-393. 
Ton J, D'Allesandro M, Jourdie V, Jakab G, Karlen D, Held M, Mauch-
Mani B, Turlings TCJ (2007). Priming by airborne signals boosts 
direct and indirect resistance in maize. Plant J. 49:16-26. 
Van der Westhuizen AJ, Pretorius Z (1996). Protein composition of 
wheat apoplastic fluid and resistance to the Russian wheat aphid. 
Australas. J. Plant Physiol. 23:645-648. 
Van der Westhuizen AJ, Qian X-M, Botha A-M (1998). -1,3-
Glucanases in wheat and resistance to the Russian wheat aphid. 
Physiol. Plantarum 103:125-131. 
Van Hulten M, Pelser M, van Loon LC, Pieterse CM, Ton J (2006). 
Costs and benefits of priming for defense in Arabidopsis. P. Nat. 
Acad. Sci. USA 103: 5602-5607. 
Van Loon LC (1976). Systemic acquired resistance, peroxidase activity 
and lesion size in tobacco reacting hyper sensitively to tobacco 
mosaic virus. Physiol. Plant Path. 8(3):231-242. 
Van Loon LC, Van Strien EA (1999). The families of pathogenesis-
related proteins, their activities, and comparative analysis of PR-1 
type proteins. Physiol. Mol. Plant Pathol. 55:85-97. 
Van Wees SC, Van der Ent S, Pieterse CM (2008). Plant immune 
responses triggered by beneficial microbes. Curr. Opin. Plant Biol. 
11(4):443-448. 
Zehr BD, Savin TJ, Hall RE (1989). A one-step, low background 
Coomassie staining procedure for polyacrylamide gels. Anal. 
Biochem. 182:157-159.  
 
 
 
 
 
 
 
 
 
 
 
 
